To truly transform the landscape of tuberculosis treatment, novel regimens containing at least 2 new drugs are needed to simplify the treatment of both drug-susceptible and drug-resistant forms of tuberculosis. As part of an ongoing effort to evaluate novel drug combinations for treatment-shortening potential in a murine model, we performed two long-term, relapse-based experiments. In the first experiment, TMC207 plus pyrazinamide, alone or in combination with any third drug, proved superior to the first-line regimen including rifampin, pyrazinamide, and isoniazid. On the basis of CFU counts at 1 month, clofazimine proved to be the best third drug combined with TMC207 and pyrazinamide, whereas the addition of PA-824 was modestly antagonistic. Relapse results were inconclusive due to the low rate of relapse in all test groups. In the second experiment evaluating 3-drug combinations composed of TMC207, pyrazinamide, PA-824, moxifloxacin, and rifapentine, TMC207 plus pyrazinamide plus either rifapentine or moxifloxacin was the most effective, curing 100% and 67% of the mice treated, respectively, in 2 months of treatment. Four months of the first-line regimen did not cure any mice, whereas the combination of TMC207, PA-824, and moxifloxacin cured 50% of the mice treated. The results reveal new building blocks for novel regimens with the potential to shorten the duration of treatment for both drug-susceptible and drug-resistant tuberculosis, including the combination of TMC207, pyrazinamide, PA-824, and a potent fluoroquinolone.
New drugs with potent activity against Mycobacterium tuberculosis are needed to shorten the duration of treatment for tuberculosis (TB) and facilitate the global implementation of directly observed therapy (25) . Several new drugs in clinical development have demonstrated the potential to shorten TB treatment in animal models (13, 20, 23, 24, 29, 35) and even clinical trials (6, 9, 30) . To truly transform the TB treatment landscape, novel regimens containing 2 or more new drugs are needed to simplify the treatment of drug-susceptible and multidrug-resistant (MDR) or extensively drug-resistant (XDR) TB alike. Therefore, a new paradigm is needed in which new regimens, rather than new drugs, become the focus of both preclinical and clinical development programs (31) .
The Global Alliance for TB Drug Development (TB Alliance) recently launched a phase II study of the extended (to 2 weeks) early bactericidal activity of the novel regimen of PA-824, pyrazinamide (PZA), and moxifloxacin (MXF), a combination, which contains neither rifampin (RIF) nor isoniazid (INH) yet was superior to the current first-line regimen of RIF-PZA-INH in mice (23) . While the drugs in this regimen should be active against the majority of MDR-TB isolates, PZA and MXF are unlikely to be active against XDR TB. Moreover, both PZA resistance and fluoroquinolone resistance are on the rise in MDR TB patients (1, 9, 10, 21) . Replacement of one or both of these agents with a new drug with a novel mechanism of action may lead to short-course regimens active against drug-susceptible, as well as MDR and XDR, TB. TMC207 (TMC) is a novel diarylquinoline ATP synthase inhibitor with potent in vitro activity against M. tuberculosis, including strains resistant to commonly used first-and secondline TB drugs (5) . It displays bactericidal activity against replicating and nonreplicating organisms in vitro (5, 16, 26) . In animal models, treatment with TMC produces impressive reductions in CFU counts (5, 12) and prevents relapse in a manner comparable to that of RIF (38) . Furthermore, combinations containing TMC and PZA have demonstrated synergistic bactericidal and sterilizing activities, even exceeding those of RIF-PZA-INH in mice, as manifested by fewer relapses after a given duration of treatment and/or similar numbers of relapses after shorter durations of treatment (12, 13, 34) . The addition of rifapentine (RPT), which provides greater rifamycin exposures than RIF at the same mg/kg dose in mice, shortens the duration of treatment needed to prevent relapse even further (4) . Together with evidence from a randomized placebo-controlled clinical trial that addition of TMC to standard therapy for MDR TB was well tolerated and led to more rapid sputum culture conversion (9) , these data suggest that TMC is an excellent candidate for novel treatment-shortening regimens.
Here we report the results of two long-term, relapse-based chemotherapy studies conducted with mice to determine the potential efficacy of novel drug regimens. The objective of the first experiment was to compare the addition of various agents to the TMC-PZA combination. The objective of the second experiment was to identify the best 3-drug combinations composed of the following 5 drugs: PZA, TMC, PA-824, MXF, and RPT. The results reveal new building blocks for novel regimens with the potential to shorten the treatment duration of both drug-susceptible and MDR or XDR TB.
MATERIALS AND METHODS
Mycobacterial strain. M. tuberculosis H37Rv was mouse-passaged, frozen in aliquots, and subcultured in Middlebrook 7H9 broth with 10% oleic acid-albumin-dextrose-catalase (OADC; Fisher, Pittsburgh, PA) and 0.05% Tween 80 prior to infection.
Antimicrobials. INH, RIF, PZA, MXF, RPT, and PA-824 were obtained and formulated for oral administration as previously described (29, 33) . TMC, clofazimine (CFZ), and linezolid (LZD) were provided by the Global Alliance for TB Drug Development (New York, NY). TMC was formulated for oral administration in an acidified 20% hydroxypropyl-␤-cyclodextrin solution as previously described (19) . CFZ was suspended in sterile water with 0.05% agar. LZD was suspended in a solution composed of 5% polyethylene glycol (PEG 200; Sigma) and 95% methylcellulose (0.5%; Fisher, Suwanee, GA) in distilled water (36) .
Pharmacokinetics (PK) of TMC alone and in combination with PA-824 and RIF. The PK of TMC alone and in combination with PA-824 was confirmed in uninfected 4-month-old female BALB/c mice randomized to 1 of 3 groups. The first group received a single oral dose of TMC alone at 25 mg/kg. The second group received TMC-PA-824, with the 2 drugs combined just prior to dosing. The third group received PA-824 4 h after the administration of TMC. The dose of PA-824 was 50 mg/kg. Three mice per group were anesthetized with isoflurane and exsanguinated by cardiac puncture at 1, 2, 8, 24, 48, 72, and 96 h after TMC administration.
To determine whether RIF induces the metabolism of TMC in mice, as it does in humans (17), a single 25-mg/kg dose of TMC was administered by gavage to uninfected 4-month-old female BALB/c mice which had received 4 weeks of daily treatment with RIF at 10 mg/kg or water, administered 5 days per week. Three mice per group were sampled at 1, 2, 4, 8, 16, 24, 48 , and 72 h after TMC administration.
Serum harvested from both experiments was frozen at Ϫ80°C and shipped to the Peloquin lab, where concentrations of TMC and its active M2 metabolite were determined using a validated high-performance liquid chromatography assay (M. Rouan et al., submitted for publication).
Addition of activated charcoal to solid media to reduce the effects of TMC and CFZ carryover. Both TMC and CFZ accumulate in animal tissues with repeated dosing, introducing the potential for drug retained in organ homogenates at the time of sacrifice to suppress the growth of viable bacteria when plated on solid media and lead to overestimation of drug activity (14, 15, 18) . Use of Lowenstein-Jensen medium (LJ) or supplementation of Middlebrook 7H10 or 7H11 medium with bovine serum albumin (BSA) takes advantage of TMC's high protein binding to limit the effects of drug carryover (18) . However, there are no published data on the extent of protein binding by CFZ and LJ is ineffective at preventing the effects of CFZ carryover (15) . We studied supplementation of 7H11 agar with activated charcoal as a means of adsorbing both TMC and CFZ in in vitro experiments designed to simulate drug carryover. Initial experiments used Mycobacterium smegmatis before results were confirmed with M. tuberculosis H37Rv. Activated charcoal powder (Sigma, St. Louis, MO) was added to 7H11 agar (0.2 or 0.4%, wt/vol) prior to autoclaving and the addition of OADC and selective antibiotics. CFZ and TMC were dissolved in dimethyl sulfoxide (DMSO) and diluted in phosphate-buffered saline (PBS). Serial 2-fold dilutions ranging from 0.03 to128 g/ml were prepared in 15-ml conical vials such that the DMSO concentration did not exceed 15%. Drug-free control vials (PBS and 15% DMSO) were also prepared. Vials were then spiked with aliquots of diluted broth culture containing approximately 10 2 and 10 3 CFU of M. smegmatis or M. tuberculosis. After mixing, serial 0.4-ml aliquots were plated on 7H11 agar plus OADC (plain agar) and plain agar supplemented with 0.2% or 0.4% charcoal. Plates were incubated at 37°C for 3 days (for M. smegmatis) or 4 weeks (M. tuberculosis) before final CFU counts were determined.
Aerosol infection with M. tuberculosis. All animal procedures were approved by the Institutional Animal Care and Use Committee. Aerosol infections were performed as previously described (24) . Briefly, 5-week-old female BALB/c mice (Charles River, Wilmington, MA) were infected with M. tuberculosis H37Rv using the Inhalation Exposure System (Glas-Col, Terre Haute, IN) and a fresh log-phase broth culture (optical density at 600 nm of 0.8 to 1.0) with the goal of implanting between 3.5 and 4.0 log 10 CFU in the lungs of each mouse. Two mice from each of 4 aerosol infection runs were humanely killed 1 day after infection to determine the number of bacteria implanted in the lungs in each run.
Chemotherapy. Mice were block randomized by run to experimental arms and treatment was initiated 14 days after infection (D0). Treatment was administered 5 days per week (5/7) by gavage. The drug doses (in mg/kg) used were as follows: INH, 10; RIF, 10; PZA, 150; TMC, 25; RPT, 10; MXF, 100; PA-824, 50; CFZ, 20; and LZD, 100 (3, 4, 6, 15, 27, 34) . Control mice received 2 months of RIF-INH-PZA, followed by up to 4 months of RIF-INH. In experiment 1 (Table  1) , the test regimens were TMC-PZA alone or in combination with RIF, RPT, MXF, PA-824, CFZ, or LZD. A group receiving PA-824-PZA-RIF was added to compare the addition of TMC and PA-824 to RIF-PZA and to compare the addition of TMC and RIF to PA-824-PZA. The experimental scheme, including the duration of treatment for each regimen, is shown in Table 1 . In experiment 2 (Table 2) , the test regimens included all possible 3-drug combinations of RPT, MXF, PZA, TMC, and PA-824 except TMC-PZA-PA-824 and TMC-RPT-PA-824, which were excluded based on evidence of antagonism between TMC and PA-824 in preceding experiments (data not shown). The experimental scheme, including the duration of treatment for each regimen, is shown in Table 2 .
Assessment of treatment efficacy. Efficacy was assessed on the basis of lung CFU counts at selected time points during treatment (a measure of bactericidal activity) and the proportion of mice with culture-positive relapse after treatment completion (a measure of sterilizing activity). Quantitative cultures of lung homogenates were performed in parallel on 7H11 agar enriched with OADC (basic agar) with and without 0.4% activated charcoal. Plates were incubated for 28 days at 37°C before final CFU counts were determined. The proportion of mice with culture-positive relapse was determined by holding cohorts of 15 mice for 3 additional months after the completion of treatment and then humanely killing them to determine the proportion with positive lung cultures, as defined by Ն1 CFU of M. tuberculosis detected after plating of the entire lung homogenate onto five 7H11 plates. At least 1 plate supplemented with 0.4% charcoal was used to control for drug carryover. The use of 15 mice per group for relapse assessment provides greater than 80% power to detect 40 percentage point differences in the relapse rate, after setting ␣ at 0.01 to adjust for up to 5 simultaneous comparisons. Smaller differences may not be meaningful in terms of shortening the duration of treatment.
Drug susceptibility testing. Colonies isolated from any mouse relapsing after 3 months of treatment with any TMC-PZA-containing regimen and each of 3 mice relapsing after 4 months of treatment with PA-824-RIF-PZA in experiment 1 were pooled directly from an agar plate, suspended in PBS, and homogenized with glass beads. After settling, the supernatant of a single-cell suspension was plated in serial dilutions on drug-free 7H11 agar or 7H11 supplemented with TMC207 at concentrations of 0.03, 0.06, and 0.125 g/ml or PA-824 at a 0.125, 0.25, 0.5, 1, and 2 g/ml. The MIC was defined as the lowest drug concentration preventing at least 99% of the growth observed on drug-free plates. The stock M. tuberculosis H37Rv strain was used as a control.
Statistical analysis. Mean serum TMC and M2 metabolite concentrations were compared at each time point using paired t tests. CFU counts (x) were log-transformed as (x ϩ 1) before analysis, and group means were compared by one-way analysis of variance with Dunnett's posttest to control for multiple comparisons. Group relapse proportions were compared using Fisher's exact test, adjusting for multiple comparisons. GraphPad Prism version 4 (GraphPad, San Diego, CA) was used for all analyses.
RESULTS
PK of TMC alone and in combination with PA-824 and RIF. Figure 1 shows the median serum concentration-time curves for TMC (Fig. 1A ) and the active M2 metabolite (Fig. 1B) when TMC was administered alone, simultaneously with PA-824, and 4 h before PA-824. No significant differences in the mean TMC concentrations between groups were observed. However, the mean concentrations of the M2 metabolite were significantly lower in the group receiving TMC and PA-824 simultaneously (P ϭ 0.02 versus TMC alone, using paired t test) but not in the group receiving TMC 4 h before PA-824 (P ϭ 0.29). As these results suggested a modest reduction in the rate, and perhaps the extent, of TMC absorption when it was administered simultaneously with PA-824, we elected to administer TMC at least 4 h before PA-824 in the subsequent experiments.
No significant differences in serum concentrations of TMC or its M2 metabolite were observed in mice pretreated with RIF or water for 4 weeks (Fig. 2) , indicating no significant induction of TMC metabolism by RIF in mice. b Time points are shown in days (day Ϫ13 ͓D-13͔ or day 0 ͓D0͔) or months (e.g., 2 months ϭ M2) of treatment, and (ϩ3) indicates that the mice were held for 3 months after the completion of treatment at the indicated time point.
c In the RIF-PZA-INH regimen, PZA was given for the first 2 months only. d n ϭ 360.
Reduction of drug carryover effect with addition of activated charcoal to 7H11 agar. The TMC concentration in broth culture that completely suppressed the growth of M. tuberculosis in the plated aliquot was 1 g/ml on plain 7H11 plates, while a concentration of 128 g/ml did not suppress growth on 7H11 plus 0.4% charcoal (Fig. 3A) . The CFZ concentration in broth culture that suppressed the growth of M. tuberculosis in the plated aliquot by 90% was 4 g/ml on plain 7H11 plates and 128 g/ml on 7H11 plus 0.4% charcoal. The highest CFZ concentration which did not result in any growth suppression was 32 g/ml on 0.4% charcoal-containing plates (Fig. 3B) . Assuming that the drugs diffused evenly throughout the 20 ml of 7H11 agar when the aliquot was plated, the inhibitory concentrations of TMC and CFZ in the agar without charcoal were therefore 0.05 and 0.2 g/ml, respectively, which is in agreement with the MICs of 0.03 to 0.06 and 0.25 g/ml, respectively, against M. tuberculosis H37Rv. Charcoal-containing agar was similarly effective at preventing TMC carryover and growth suppression of M. smegmatis, which is more susceptible to TMC than M. tuberculosis is. CFZ suppressed M. smegmatis growth only at concentrations of Ն64 g/ml, and this suppression was prevented by charcoal in the agar at CFZ concentrations as high as 256 g/ml (higher concentrations were not tested). These results indicate the effectiveness of activated charcoal in adsorbing TMC and CFZ and reducing the effects of drug carryover after plating of drug-containing organs. Plates containing 0.2% activated charcoal were also effective, but to a lesser extent than plates containing 0.4% activated charcoal (data not shown). Therefore, plates containing 0.4% activated charcoal were used in the subsequent experiments.
Treatment efficacy in experiment 1. (i) Lung CFU counts during treatment. The day after aerosol infection, the mean lung log 10 CFU count (Ϯ standard deviation [SD]) was 3.67 Ϯ 0.12. At D0, the mean CFU count had increased to 7.38 Ϯ 0.18. Untreated animals became moribund during the fourth week of infection. The lung CFU counts observed after 1 month of treatment are presented in Fig. 4 . Compared to the D0 count, 1 month of RIF-INH-PZA reduced the CFU count by just over 2 log 10 to 5.16 Ϯ 0.12, whereas 1 month of TMC-PZA reduced the CFU count by 5.5 log 10 to 1.88 Ϯ 0.10. The addition of MXF and LZD increased the bactericidal activity of TMC-PZA in a manner that was statistically significant before, but not after, adjusting for multiple comparisons. The addition of either rifamycin (RIF or RPT) was associated with a significant additive effect even after adjusting for multiple comparisons (P Ͻ 0.05). The addition of CFZ resulted in a greater bacte- Remarkably, the addition of PA-824 antagonized the activity of TMC-PZA, resulting in a mean CFU count (3.00) that was more than 1 log 10 higher than that observed with TMC-PZA alone (P Ͻ 0.01), yet the combination was still superior to RIF-INH-PZA. Treatment with PA-824-PZA-RIF was more effective than RIF-INH-PZA (P Ͻ 0.01) but was not as active as any TMC-PZA regimen.
Only selected groups were scheduled for lung CFU assessment after 2 months of treatment (see Table S1 in the supplemental material). TMC-PZA and TMC-PZA-CFZ both rendered the lungs culture-negative, whereas the 5 mice receiving TMC-PZA-PA-824 remained culture-positive, with a mean CFU count of 0.79 Ϯ 0.20. PA-824-PZA-RIF resulted in significantly higher CFU counts than TMC-PZA with or without PA-824 (P Ͻ 0.01), but significantly lower CFU counts than RIF-INH-PZA (P Ͻ 0.01).
(ii) Relapse after treatment completion. The relapse results are displayed in Table 3 . Relapse occurred in 50%, 14% and 0% of the mice treated for 4, 5 and 6 months with the first-line regimen (2 months of RIF-INH-PZA followed by RIF-INH). In contrast, none of the mice receiving a TMC-PZA-containing regimen relapsed after 4 months of treatment (P Ͻ 0.006 for each regimen versus RIF-INH-PZA). Moreover, no more than 7% of the mice receiving a TMC-PZA-containing regimen (including TMC-PZA alone) relapsed when treatment was limited to 3 months of treatment, indicating substantially greater sterilizing activity for any TMC-PZA-containing regimen compared to the current first-line regimen. Finally, just 2 months of treatment with TMC-PZA-RPT and TMC-PZA-CFZ were sufficient to prevent relapse in all mice. Because of the small number of relapses in all groups receiving TMC-PZA-containing regimens, we were unable to establish the superiority of any TMC-PZA-containing regimen over another on the basis of this outcome by Fisher's exact test. Isolates from each mouse relapsing after 3 months of treatment with a TMC-PZA-containing regimen remained fully susceptible to TMC.
Treatment with PA-824-PZA-RIF for 3 months did not cure any mouse and was not as active as any TMC-PZA regimen (P Ͻ 0.0001 for any TMC-PZA-containing regimen versus PA-824-PZA-RIF). Treatment with PA-824-PZA-RIF for 4 months cured only 1 of 13 mice. This result was inferior to that observed with RIF-INH-PZA before (P ϭ 0.033), but not after, adjusting for multiple comparisons. However, all relapsing mice had similar lung CFU counts and, when the isolates from 3 randomly selected relapsing mice were assessed for susceptibility to PA-824, PA-824 MICs were higher for the relapsing isolates (1 to 2 g/ml) compared to the parent H37Rv isolate (0.25 g/ml) (see Table S2 in the supplemental material), suggesting that the selection of PA-824-resistant mutants likely compromised the sterilizing activity of this regimen.
Treatment efficacy in experiment 2. (i) Lung CFU counts during treatment. The day after aerosol infection, the mean lung log 10 CFU count (ϮSD) was 4.24 Ϯ 0.06. At D0, the mean CFU count had increased to 8.21 Ϯ 0.14. Untreated animals became moribund during the fourth week of infection. The lung CFU counts are presented in Fig. 5 and Table S3 in the supplemental material. Compared to the D0 count, treatment with RIF-INH-PZA for 1 month reduced the mean CFU count by over 2.5 log 10 to 5.56 Ϯ 0.03. All test regimens were significantly better than RIF-INH-PZA, except RPT-PA-824-MXF and TMC-PA-824-MXF. The 2 regimens containing TMC-PZA plus either RPT or MXF were the most effective, reducing CFU counts by at least 5.4 log 10 after 1 month of treatment (P Ͻ 0.001). After those regimens, RPT-PZA-MXF was statistically significantly superior to the remaining combinations with the exception of TMC-RPT-MXF. However, TMC-RPT-MXF was not statistically significantly superior to PA-824-PZA-MXF, RPT-PZA-PA-824, or RPT-PA-824-MXF.
Rankings on the basis of CFU counts after 2 months of treatment were similar. TMC-PZA-RPT rendered 3 of 4 mice culture negative, and the remaining mouse had just 1 CFU detected. Mice receiving TMC-PZA-MXF and RPT-PZA-MXF had between 1 and 4 CFU detected, except that 1 of 4 mice in the RPT-PZA-MXF group was culture negative. On the basis of statistical comparisons using the month 2 CFU counts, the ranking of the remaining regimens (from strongest to weakest) was as follows: RPT-PZA-PA-824 Ͼ TMC-RPT-MXF Ͼ PA-824-PZA-MXF ϭ RPT-PA-824-MXF Ͼ TMC-PA-824-MXF. The activity of the last regimen was, again, indistinguishable from that of RIF-INH-PZA.
(ii) Relapse after treatment completion. The relapse results are displayed in Table 4 . Relapses occurred in all 15 mice treated with 2 months of RIF-INH-PZA, followed by 2 months of RIF-INH. The higher relapse rate among control animals at this time point in experiment 2 compared to experiment 1 was the result of the higher bacillary burden at the start of treatment and is consistent with previous experiments (23, 28) . While 1 month of treatment was insufficient to prevent relapse in any tested group, 2 months of treatment prevented relapse in all mice receiving TMC-PZA-RPT and 67% of those receiving TMC-PZA-MXF. RPT-PZA-MXF did not cure any mice at 2 months. These results indicate that, in combinations containing PZA, TMC had a greater ability to prevent relapse than RPT or MXF. The remaining groups had higher lung CFU counts at the completion of 2 months of treatment and, not surprisingly, had positive cultures after 3 months of follow-up. After 4 months of treatment, the PZA-sparing regimen of TMC-MXF plus either RPT or PA-824 prevented relapse in 50% of the mice, a result significantly better than that obtained with the RIF-INH-PZA regimen (P Ͻ 0.05). Four months of treatment with PA-824-PZA-MXF was sufficient to prevent relapse in 33% of the mice, a result which was statistically significantly better than that obtained with RIF-INH-PZA before (P ϭ 0.0421), but not after, adjustment for multiple comparisons.
DISCUSSION
The principal finding of the present study is that several TMC-containing 3-drug combinations prevented relapse more effectively than the standard first-line regimen did in an aerosol infection model of TB in mice. Indeed, the 2-drug backbone of TMC-PZA given for 3 months was superior to 4 months (and equivalent to 5 or 6 months) of the standard regimen in the prevention of relapse. Ibrahim et al. first demonstrated the exceptional bactericidal activity of this combination (12) , but its ability to prevent relapse after treatment discontinuation was not reported until recently, when it was shown that 6 months of TMC-PZA and 6 months of the standard regimen produced similarly low relapse rates (34) . Neither shorter treatment durations nor selection of drug-resistant organisms was assessed in mice receiving TMC-PZA alone in that study.
The primary objective of experiment 1 was to identify the best companion drugs for TMC-PZA. Addition of RIF and RPT reduced the bacterial load in lungs by a modest, but statistically significant, margin. Because the number of relapses was lower than expected (based on prior results from an intravenous infection-outbred mouse model), we were unable to prove that the addition of a rifamycin decreased the relapse rate in mice receiving TMC-PZA in experiment 1. In experiment 2, TMC-PZA-RPT resulted in no relapse after 2 months of treatment, compared with 33% relapse in the TMC-PZA-MXF group. Although the difference in the relapse rate was not statistically significant, the addition of RPT may have had a greater effect on the sterilizing activity of TMC-PZA than did the addition of MXF. This trend is supported by Andries et al. (4), who also found that TMC-PZA-RPT was more effective than TMC-PZA-MXF and the addition of MXF to TMC-PZA-RPT did not increase the sterilizing activity. It should be noted that both RIF and RPT cause a significant decrease in TMC207 drug concentrations in humans through cytochrome P450 enzyme induction, with an approximately 50% reduction of TMC exposure in plasma (4, 17) . As demonstrated in our PK study, this induction does not occur in mice, indicating that TMC exposures in mice receiving concomitant rifamycin treatment may be greater than those observed in humans. Fortunately, the sterilizing activity of the TMC-PZA-RPT regimen is not greatly reduced when the dose of TMC is halved to adjust for such induction (4). Remarkably, it was the addition of CFZ to TMC-PZA which produced the greatest reduction in CFU counts in experiment 1, suggesting this may be an especially potent combination. CFZ is currently considered a 3rd-line agent for TB but has potent anti-TB activity in mice (14, 27) . The mechanism by which it kills M. tuberculosis is not well understood, although a recent study found that CFZ kills M. smegmatis by participating in a redox cycling pathway in which it is reduced by the essential respiratory chain NADH:quinone oxidoreductase-NDH-2 and then oxidized by nonenzymatic means, yielding lethal reactive oxygen species (37) . Because ndh, the gene encoding NDH-2, is upregulated by hypoxia, nitric oxide stress, and phagocytosis (37) , this mechanism of action may be especially effective against quiescent bacteria in established mouse infection models. CFZ may also inhibit ATP synthesis (37), offering a second mechanism of action with obvious potential for additive or synergistic effects with TMC. Follow-up experiments are under way to determine whether RPT and CFZ add sterilizing activity to the TMC-PZA combination and to evaluate other PZA-sparing combinations including TMC and CFZ.
The addition of PA-824 reduced the bactericidal activity of TMC-PZA in experiment 1. A similar antagonistic effect of PA-824 on TMC and TMC-containing combinations has been observed consistently in our laboratory across multiple experiments, as has antagonism of another nitroimidazole derivative in clinical development, OPC-67683 (data not shown). The mechanism of this interaction remains unclear. However, it does not appear to be due to reduced absorption of TMC, as we have shown with our PK experiment and the occurrence of antagonism even when the drug administration times are at least 4 h apart. Although such antagonism, if mechanistic in nature, would be unfortunate given that these are the two most advanced classes of new drugs in development, it should be emphasized that the TMC-PZA-PA-824 (experiment 1) and TMC-PA-824-MXF (experiment 2) combinations were still significantly more effective than RIF-INH-PZA. Because resistance to PZA may be found in 50% of MDR TB isolates in some settings (9, 21) , the ideal novel regimen would not rely on this sterilizing drug. Attempts to replace PZA with MXF, PA-824, and even RPT in TMC-containing combinations significantly reduced bactericidal and sterilizing activities in experiment 2. These results are consistent with those of Veziris et al., who found higher relapse rates when PZA was omitted from TMC-containing regimens (34) . If PZA is to have such a critical treatment-shortening role in novel regimens, concerted efforts are needed to better understand the therapeutic implications of phenotypic and genotypic PZA resistance and improve PZA susceptibility testing methods, including the development of more robust and rapid tests.
Despite lacking PZA, combinations of TMC-MXF with either RPT or PA-824 produced fewer relapses after 4 months of treatment than did the same duration of RIF-PZA-INH. In particular, TMC-PA-824 plus MXF (or another potent fluoroquinolone) may represent an important new backbone for a short-course MDR TB regimen. Indeed, the 4-drug combination of TMC-PZA-MXF-PA-824 may offer potential as a shorter (i.e., Յ4 months) regimen against PZA-susceptible isolates (based on the superior activity of TMC-PZA plus either MXF or PA-824) yet still constitute an effective short-course regimen (i.e., Յ6 months) against isolates resistant to PZA (based on the activity of TMC-PA-824-MXF). Experiments are under way to determine whether CFZ and PNU-100480 can replace the modest antagonistic effect of PA-824 and/or replace MXF in the case of fluoroquinolone resistance to further enhance the potential of such regimens.
Several of the combinations tested in these experiments did not include TMC. In experiment 1, RIF-PZA-PA-824 was more effective than RIF-PZA-INH on the basis of lung CFU counts over the first 2 months of treatment, as described previously (22, 32) . Although removal of an antagonistic effect of INH likely contributed to the improved efficacy of this regimen (32) , the contribution of PA-824 to the regimen's bactericidal activity is suggested by the selection of PA-824-resistant mutants. We have previously shown that coadministration of PZA with PA-824 may not prevent the selection of PA-824-resistant mutants (32) . However, it is surprising that RIF did not prevent the selection of PA-824-resistant mutants in this case. It is also noteworthy that only relatively low-level PA-824 resistance was observed (a 4-to 8-fold shift in the MIC). These findings warrant further investigation. Replacement of RIF and INH with RPT and PA-824, respectively, resulted in even greater CFU count reductions relative to RIF-PZA-INH in experiment 2. However, the RPT-PZA-PA-824 combination was not as effective over the first 2 months as the RPT-PZA-MXF combination, which would appear to limit its potential as a first-line regimen. Finally, the combination of PA-824-PZA-MXF, which was previously shown to be superior to RIF-PZA-INH in mice when the PA-824 dose was 100 mg/kg (23), remained superior in experiment 2 when the PA-824 dose was reduced to 50 mg/kg, which results in free drug concentrations exceeding the MIC for a similar proportion (ϳ67%) of the dosing interval as a 200-mg daily dose in humans, assuming that the free drug is 7% of the total drug concentration (3).
Therefore, this continues to be a promising novel regimen which is currently being studied in an extended early bactericidal activity trial (ClinicalTrials.gov identifier NCT01215851).
The present study was the first to examine the sterilizing activity of TMC-containing drug combinations in mice following high-dose aerosol infection with M. tuberculosis. All previously reported studies of TMC in mice have been conducted in an intravenous infection model (4, 13, 34) . Andries et al. previously found that longer durations of therapy with RIF-PZA-INH, RIF-PZA-MXF, and RPT-PZA-MXF were needed to prevent relapse in most intravenously infected, outbred Swiss mice compared to aerosol-infected, inbred BALB/c mice in our lab (4). Our current results extend this observation to TMCcontaining combinations. In general, the duration of treatment needed to prevent relapse in all or nearly all mice was 1 to 2 months shorter in aerosol-infected BALB/c mice than in intravenously infected Swiss mice (4, 34) , despite higher lung CFU counts at the initiation of treatment in the former model. This was true for treatment with RIF-PZA-INH, RPT-PZA-MXF, TMC-PZA-RIF, TMC-PZA-RPT, and TMC-PZA-MXF. For treatment with TMC-PZA, the difference between the results of experiment 1 and the results of Veziris et al. (34) was even greater, as TMC-PZA produced 0% relapse after 3 and 4 months of treatment in our study while resulting in 22% relapse after 6 months in the latter study. These observations emphasize that results in test mice should not be appreciated at face value but only in comparison with the results obtained in the positive controls. Compared to the positive controls, the relative activities of TMC-PZA combinations are generally similar in intravenously infected Swiss mice and in aerosol infected BALB/c mice. Another group has noted that cure is achieved with shorter durations of treatment with RIF-PZA-INH and RIF-PZA-MXF after aerosol compared to intravenous infection in inbred mice despite similar starting bacterial burdens in the lungs (8) , confirming the influence of the route of infection on the duration of treatment necessary to prevent relapse. For the time being, the urge to estimate potential durations of treatment for experimental regimens based on mouse model studies must be tempered by the lack of sufficient clinical outcomes by which to judge their forecasting ability. Whether any one model consistently provides more accurate estimates of treatment-shortening potential or whether the models may themselves define a range of possible clinical outcomes remains a topic for further study.
In addition to using only one route of infection and one mouse strain, our study used only one strain of M. tuberculosis, the H37Rv strain also previously used by other groups. We concur with the recent conclusion of De Groote et al. (8) that the most promising findings in mice warrant confirmation in a second model and/or against a second strain of M. tuberculosis before advancing to human trials. The second model could include another mouse model (e.g., C3HeB/FeJ mice), guinea pigs, or larger species, which all exhibit more human-like pathology (2, 7, 11) .
A final limitation of our study was the risk of drug carryover imposed by the significant accumulation of TMC and CFZ in the lungs of mice after repeated dosing. To reduce the risk of carryover when assessing lung CFU counts, we relied primarily on the addition of activated charcoal to the culture medium. Charcoal-containing plates were demonstrably effective in re- ., persisters) . Even then, use of LJ, BSAsupplemented, or charcoal-supplemented medium is recommended to rule out persistent carryover effects. Unfortunately, relapse is a time-consuming and costly outcome to evaluate because its binary nature reduces statistical power and places a premium on the proper (or sometimes fortuitous) selection of time points for assessment.
In conclusion, we have confirmed and extended previous studies describing the substantial treatment-shortening potential of new regimens containing TMC-PZA which may be effective on many drug-susceptible and MDR TB-causing isolates. Novel PZA-sparing combinations may also enable shortcourse treatment of drug-resistant disease.
